Background {#S0001}
==========

Metabolic dysfunction-associated fatty liver disease (MAFLD), also known as non-alcoholic fatty liver disease (NAFLD), is widely recognized as the most common cause of chronic liver disease worldwide, affecting over one-quarter of the global population.[@CIT0001],[@CIT0002] The overall prevalence of MAFLD in Asia is estimated to be 29.6% up till now.[@CIT0002] Due to great changes in lifestyles and dietary habits, MAFLD has become a great social health burden in China, with prevalence of 18.2% in 2000--2006, 20.0% in 2007--2009, and 20.9% in 2010--2013.[@CIT0003],[@CIT0004] A recent meta-analysis reported that the national prevalence of MAFLD in China had reached up to 29.1%.[@CIT0004] MAFLD can manifest as non-alcoholic fatty liver or non-alcoholic steatohepatitis (NASH) and may lead to liver cirrhosis, hepatic failure and hepatocellular carcinoma.[@CIT0005],[@CIT0006]

Both genetic and environmental factors can influence the pathogenesis of MAFLD, and genetic factors are believed to play a primary role in MAFLD occurrence. Increasing numbers of susceptibility genes for MAFLD have been reported recently, such as the patatin-like phospholipase domain-containing protein 3 (*PNPLA3*),[@CIT0007],[@CIT0008] transmembrane 6 superfamily 2 (*TM6SF2*),[@CIT0009] and adiponectin-encoding (*ADIPOQ*)[@CIT0010] among others. MAFLD patients are characterized by fatty liver without excessive alcohol consumption. Fat and obesity are related to the pathophysiology of MAFLD. A landmark study published in 2015 suggested that the single nucleotide variant rs1421085 of the fat mass and obesity-associated gene (*FTO*) has been shown to work as a super-enhancer in adipocyte regulating *IRX3* and *IRX5* genes, which involved in adipocyte browning and thermogenesis.[@CIT0011] The locus modulates the enhancer activity, and plays a dominant role in the body mass index (BMI), and possibly in obesity-based MAFLD as well.

*FTO* encodes a nuclear protein of 506 amino acids and shares sequence motifs with the Fe (II)- and 2-oxoglutarate-dependent oxygenases, making it able to alter DNA methylation and regulate gene transcription.[@CIT0012] Genome-wide association studies (GWAS) repeatedly indicated that variants within the introns of *FTO* were related to an increased risk for obesity in humans.[@CIT0013]--[@CIT0015] Experimental research has demonstrated that *FTO* gene expression is upregulated in the liver of MAFLD rats and the overexpression of *FTO* can characterize MAFLD via increasing oxidative stress and lipid overaccumulation in human hepatocyte cells.[@CIT0016] Additionally, it was reported that *FTO* and the forkhead transcription factor O1 gene (*FoxO1*) cooperatively contribute to the disturbance of lipid metabolism and the interactions between *FTO* and *FoxO1* are closely related to the pathogenesis of MAFLD.[@CIT0017]

Six single nucleotide polymorphisms (SNPs) within *FTO* (rs6499640, rs1421085, rs8050136, rs3751812, rs9939609 and rs9930506) have been shown to reach genome-wide significance for obesity from previous GWAS studies.[@CIT0013]--[@CIT0015],[@CIT0018] Given the predictive potential of *FTO*, we hypothesized that *FTO* could influence the occurrence of MAFLD. We performed an association study in a Chinese Han population to in-depth investigate the relationship between *FTO* and MAFLD.

Methods {#S0002}
=======

Subjects {#S0002-S2001}
--------

The study was performed according to the guidelines of the Helsinki Declaration in 1975, revised in 2000. A standard protocol was designed by Shanghai Innovation Center of TCM Health Service. This study was approved by the Ethics Committee of Shanghai University of Traditional Chinese Medicine. A total of 1566 participants took part in this case-control study from April 2017 to July 2018. All the participants signed the informed consent voluntarily. They met the following criteria: Permanent residents of Zhangjiang area of Pudong District, Shanghai; Chinese Han population with no blood relationship to each other; all medical examination information, biochemical and specimen collection information were complete and reliable. Subjects who abused alcohol (\< 140 g/week in male and \< 70 g/week in female), or were carriers of hepatitis B or C, or had a history of drug-induced liver disease or autoimmune liver disease were excluded. The MAFLD was diagnosed according to the guidelines for the management of MAFLD of the Chinese Medical Association in 2010.[@CIT0019] The color ultrasound system was employed by two experienced radiologists to evaluate fatty liver. Based on the criteria above, 741 MAFLD patients with median (interquartile range) age being 69.98 (66.55--75.93) and 825 gender-matched healthy controls from the same geographic areas with median (interquartile range) age being 69.94 (66.39--75.64) recruited in this study.

The baseline information such as age, gender, alcohol consumption, current smoking and medical history were collected by questionnaire. Subjects were required to wear light clothing without hats and shoes when measuring height and bodyweight, to the nearest 0.1cm and 0.1kg by electronic measurement instrument (Shengyuan, Zhengzhou, China). Body mass index (BMI) was calculated according to the formula bodyweight (kg)/height^2^ (m^2^). Blood pressure was measured by electronic sphygmomanometers (Biospace, Cheonan, South Korea). Blood samples were obtained from the antecubital vein in the morning after an overnight fasting period. Fasting plasma glucose (FPG), total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), alanine transaminase (ALT), aspartate transaminase (AST) and gamma-glutamyl transferase (GGT) were measured using an automatic biochemistry analyzer (Hitachi, Tokyo, Japan).

DNA Extraction, SNP Selection and Genotyping {#S0002-S2002}
--------------------------------------------

5mL of peripheral venous blood were collected from each subject. Then, the genomic DNA was extracted using the standard phenol-chloroform method for genotyping. SNPs were selected based on positive reported variants for obesity from previous GWAS studies.[@CIT0013]--[@CIT0015],[@CIT0018] Six SNPs (rs6499640, rs1421085, rs8050136, rs3751812, rs9939609 and rs9930506) were genotyped in this study. Among them, all these six SNPs were successfully genotyped by matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry using the MassARRAY^®^ Analyzer 4 platform (Sequenom, San Diego, CA). The probes and primers were designed using Mysequenom online software with the accompanying Assay Design Suite v2.0. The standard polymerase chain reaction (PCR) was performed in a total volume of 5 μL containing 10 ng of genomic DNA. Detailed information regarding the primers and PCR reaction conditions is available on request.

Statistical Analysis {#S0002-S2003}
--------------------

R programming language (Lucent Technologies, New Jersey, USA) was adopted to analyze baseline characteristics. The allele and genotype distributions were analyzed using SHEsis ([<http://analysis.bio-x.cn/myAnalysis.php>]{.ul}) (Bio-X Institutes, Shanghai, China).[@CIT0020] The data normalization was performed by R as well. Variables with normal distribution are presented as mean ± standard deviation and then compared using two-sided Student's T-tests. Skewed variables are presented as median (interquartile range) and then compared using Wilcoxon's rank-sum test. Categorical variables are expressed as counts or percentages and were compared using Pearson's *χ^2^* tests. Hardy-Weinberg equilibrium (HWE) was assessed by Pearson's *χ^2^* tests. Odds ratios (OR) and their 95% confidence intervals (CIs) were also assessed. The criteria for r^2^ were set at 0.8 for defining a strong pairwise linkage disequilibrium (LD) using Haploview 4.2[@CIT0021] (Broad Institute, Cambridge, MA, USA) and Haplotype analysis conducted via SHEsis.[@CIT0022] For the analyses of the six SNPs, we perform Bonferroni correction (*P*~coor~ =*P*-value\*6) to prevent an inflation of type I error. *P*~coor~ \<0.05 was identified as statistical significance. The power of the sample size was calculated by G\*power software version 3.1.[@CIT0023]

Results {#S0003}
=======

Demographics of Study Subjects {#S0003-S2001}
------------------------------

The overall clinical and laboratory characteristics of the 741 MAFLD patients and the 825 controls are listed in [Table 1](#T0001){ref-type="table"}. Age or gender differences between MAFLD and control groups were neglectable. BMI, waist circumference (WC), systolic blood pressure, diastolic blood pressure, FPG, TG, ALT, GGT and the prevalence of diabetes were found to be higher in the MAFLD group than the control group (*P* \<0.05). HDL-C was lower in the MAFLD group than in the control group (*P* \<0.05).Table 1Baseline Characteristics of Study SubjectsVariablesMAFLD (n = 741)Control (n = 825)*P*Age (years)69.98 (66.55--75.93)69.94 (66.39--75.64)0.691Male, n (%)296 (39.95%)351 (42.55%)0.297BMI (kg/m^2^)25.90 (24.08--27.99)24.24 (22.03--26.33)\< 0.001WC (cm)96 (92--100)93 (90--97)\< 0.001SBP (mmHg)145.08 ± 21.37138.27 ± 24.62\< 0.001DBP (mmHg)84 (76--90)80 (74.00--89.25)\< 0.001FPG (mmol/L)6 (5.50--7.00)5.8 (5.20--6.50)\< 0.001TC (mmol/L)5.14 (4.498--5.73)5.09 (4.44--5.75)0.421TG (mmol/L)2.01 ± 1.191.74 ± 1.13\< 0.001LDL-C (mmol/L)3.21 (2.66--3.72)3.15 (2.60--3.72)0.210HDL-C (mmol/L)1.12 (0.97--1.28)1.17 (1.02--1.37)\< 0.001ALT (U/L)19.00 (14.00--27.00)18.00 (13.00--24.00)\< 0.001AST (U/L)22.00 (19.00--26.00)22 (19.00--26.25)0.612GGT (U/L)26.00 (20.00--36.00)23.00 (17.00--33.00)\< 0.001Diabetes189 (25.51%)165 (20.00%)0.009[^2][^3]

Single SNP Site Associations {#S0003-S2002}
----------------------------

The detailed information of six SNPs are listed in [Table 2](#T0002){ref-type="table"}. For all six SNPs, there was no significant deviation from HWE in either the case or control groups (*P* \>0.05). The allele frequencies of rs1421085, rs8050136, rs3751812 and rs9939609 were significantly different between MAFLD and controls (*P*~corr~ \<0.05). The C allele frequency of rs1421085 was remarkably higher in MAFLD patients (OR=1.353; 95% CI=1.095--1.671; *P* =0.005; *P*~corr~ =0.030). The occurrence of A allele of rs8050136 was significantly increased in MAFLD group (OR=1.371; 95% CI=1.109--1.695; *P* =0.004; *P*~corr~ =0.024). In rs3751812, the T allele frequency was remarkably higher in MAFLD (OR=1.369; 95% CI=1.108--1.691; *P* =0.004; *P*~corr~ =0.024). And the A allele frequency of rs9939609 was also significantly increased in MAFLD (OR=1.369; 95% CI=1.108--1.691; *P* =0.004; *P*~corr~ =0.024).Table 2The Basic Information of SNPs and Allele Frequencies in MAFLD Patients and ControlsSNPAllele FrequencyGenotype FrequencyHWEMAFOR (95% CI)*PP*~corr~*PP~corr~*rs6499640G/AG/GA/GA/ACase1235/2470.17513209190.916Control1383/2670.161.036 (0.857--1.252)0.715\>1.000576231180.875\>1.0000.652rs1421085T/CT/TT/CC/CCase1268/2140.14541186140.911Control1467/1830.111.353 (1.095--1.671)0.0050.0364916970.014\>1.0000.539rs8050136C/AC/CC/AA/ACase1269/2130.14541187130.788Control1470/1800.111.371 (1.109--1.695)0.0040.02465216670.012\>1.0000.6rs3751812G/TG/GG/TT/TCase1267/2150.15539189130.744Control1468/1820.111.369 (1.108--1.691)0.0040.02465016870.011\>1.0000.559rs9939609T/AT/TT/AA/ACase1267/2150.15539189130.744Control1468/1820.111.369 (1.108--1.691)0.0040.02465016870.011\>1.0000.559rs9930506A/GA/AA/GG/GCase1190/2920.2482226330.616Control1370/2800.171.201 (1.001--1.439)0.0480.288564242190.043\>1.0000.501[^4]

Five different genetic models (codominant, dominant, recessive, overdominant and log-additive) were tested to assess the association of genotype frequencies with MAFLD. As shown in [Figure 1](#F0001){ref-type="fig"}, the dominant model of rs8050136, rs3751812 and rs9939609 was statistically different after Bonferroni correction, as well as the log-additive model of rs1421085, rs8050136, rs3751812 and rs9939609 (*P*~corr~ \<0.05). As described in [Table 3](#T0003){ref-type="table"}, a significantly different result was observed in log-additive model of rs1421085 (OR=1.369; 95% CI=1.108--1.691; *P* =0.004; *P*~corr~ =0.024). For rs8050136, A-allele carriers were found to have significantly increased risk of MAFLD with an OR of 1.393 (*P*~corr~ =0.030, 95% CI =1.103--1.759), compared to the carriers of homozygous CC genotype. For rs3751812, T-allele carriers were observed to strikingly add MAFLD risk with an OR of 1.392 (*P*~corr~ =0.030, 95% CI = 1.103--1.756). For rs9939609, individuals with T-allele were also detected to be more susceptible to MAFLD, compared to the individuals of homozygous TT genotype with an OR of 1.392 (*P*~corr~ =0.030, 95% CI = 1.103--1.756). Given the effect sizes of 0.1, we obtained the power above 95% at p = 0.05. The SNP genetic models without significant differences can be found in [[Supplementary Table 1](https://www.dovepress.com/get_supplementary_file.php?f=254740.docx)]{.ul}.Table 3Genotype Distributions in MAFLD Patients and ControlsSNPModelCaseControlOR (95% CI)*PP*~corr~rs1421085Log-additive--7418251.364 (1.101--1.690)0.0040.024rs8050136DominantC/C54165210.0050.030C/A-A/A2001731.393 (1.103--1.759)Log-additive--7418251.384 (1.115--1.718)0.0030.018rs3751812DominantG/G53965010.0050.030G/T-T/T2021751.392 (1.103--1.756)Log-additive--7418251.383 (1.115--1.715)0.0030.018rs9939609DominantT/T53965010.0050.030T/A-A/A2021751.392 (1.103--1.756)Log-additive--7418251.383 (1.115--1.715)0.0030.018[^5][^6] Figure 1Genotype frequency analysis in five genetic models. The genotype frequencies of rs8050136, rs3751812 and rs9939609 were statistically different in the dominant model after Bonferroni correction. The genotype frequencies of rs1421085, rs8050136, rs3751812 and rs9939609 were statistically different in the log-additive model after Bonferroni correction.

Haplotype Analysis {#S0003-S2003}
------------------

The *r^2^* were calculated for all random combinations of SNPs. We identified rs1421085-rs8050136-rs3751812-rs9939609 as a strong LD block within *FTO* gene with Haploview analysis ([Figure 2](#F0002){ref-type="fig"}). Haplotypes in our study with an estimated frequency below 3% in both cases and controls were excluded from further analysis. We found that the haplotype of TCGT (rs1421085-rs8050136-rs3751812-rs9939609) can appreciably lower the risk of MAFLD (*P* =0.002; OR = 0.728; 95% CI =0.590--0.898) and that individuals with CATA haplotype had an elevated MAFLD risk (*P* =0.005; OR =1.348; 95% CI 1.089--1.667) ([Table 4](#T0004){ref-type="table"}).Table 4Frequencies of Estimated Haplotypes and Test Statistics Between the MAFLD and ControlHaplotypeCaseControlOR (95% CI)*P*C A T A2101801.348 (1.089--1.667)0.005T C G T126314650.728 (0.590--0.898)0.002[^7] Figure 2Linkage disequilibrium plot between SNPs. The number in each square is r^2^\*100 between two SNPs. As shown in the picture above rs1421085-rs8050136-rs3751812-rs9939609 was identified as a strong block.

Discussion {#S0004}
==========

The role of gene *FTO* in MAFLD within Chinese Han population was evaluated in the present study. Rs1421085, rs8050136, rs3751812 and rs9939609 within *FTO* were found significantly associated with MAFLD based on our case-control study in 1566 older Chinese Han subjects. These four *FTO* SNPs demonstrated significant MAF differences between MAFLD patients and controls. The C variant of rs1421085, A variant of rs8050136, T variant of rs3751812, A variant of rs9939609 increased MAFLD risk. To the best of our knowledge, this is the first genetic association study to investigate the relationship between these six SNPs within *FTO* gene and MAFLD in an elderly Chinese population.

Although numerous studies have confirmed that *FTO* polymorphisms are closely related to the risk of obesity, only very few studies have explored the genetic discrepancies of *FTO* between MAFLD and non-MAFLD subjects. A Spanish study found that three SNPs (rs8050136, rs9939609 and rs9940128) within the *FTO* gene were associated with fatty liver disease in HIV-infected patients and suggested that variations within *FTO* may be predictors of fatty liver disease in HIV-infected patients, independent of metabolic factors.[@CIT0024] This study supported our finding that rs8050136 and rs9939609 were associated with MAFLD. Additionally, individuals with the rs9939609 AA genotype were found to present higher likelihoods of liver steatosis (\>10% fatty hepatocytes) among HIV/HCV-coinfected European white patients in a cross-sectional study.[@CIT0025] Behaviorally, Harbon et al found the relationship between rs1421085 within *FTO* and greater fat and refined starch intakes in 133 overweight/obese Caucasians.[@CIT0026] Besides, *FTO* has been reported to play a role in individual's preference for high-fat foods,[@CIT0027] caused by reduced satiety responsiveness,[@CIT0028] leading to increased consumption of highly palatable food. Another notable study pointed out that excess caloric consumption may be a leading risk factor for MAFLD.[@CIT0001] In supporting these evidences, our results may explain the increased the risk of MAFLD which may be due to an individual's excessive dietary fat, from the perspective of genetic variance.

The molecular pathogenesis of MAFLD is complex and multifactorial, with oxidative stress and insulin resistance as major pathophysiological mechanisms. Genetic factors influence MAFLD development as they hold the key to better understanding the pathogenesis and developing new and better treatments.[@CIT0029] A recent landmark study showed that a variant within *FTO* (rs1421085 T\>C) led to the derepression of a potent preadipocyte enhancer and a doubling of IRX3 and IRX5 expression during early adipocyte differentiation by disrupting the conserved sequence of the ARID5B repressor. This led the autonomous development of cells from energy-consuming adipocytes to energy-storing white one, reducing mitochondrial heat generation by 5 times and increasing lipid storage which have been reported to be leading risk factors for MAFLD.[@CIT0011] Interestingly, *FTO* is highly expressed in the hypothalamus. And individuals with rs9939609 AA genotype have impaired satiety in the central nervous system, which increases food intake and increases the risk of obesity.[@CIT0030] These evidences together with our genetic association study all support the hypothesis that *FTO* influences the occurrence of MAFLD and might be a new significant therapeutic target for MAFLD treatment.

Several studies focused on the age-related association of *FTO* polymorphisms and food cravings. It has been found that food cravings declined with age, but this age effect was different across variants of *FTO* rs9939609, while TT homozygotes showed the typical age-related decline in food cravings, as well as no such decline among A-carriers.[@CIT0031] Besides, the *FTO* genotype have effect on the relationship between age and emotional eating, with age-related decline in this behavior only present in the A-carriers.[@CIT0032] In our study, allele A of rs9939609 was associated with higher MAFLD risk in the old. Our finding may result in that A-carriers have higher emotional to eating which has been proven that subjects homozygous for the *FTO* rs9939609 A allele have dysregulated circulating levels of the orexigenic hormone acyl-ghrelin, a key appetite-regulating hormone.[@CIT0033]

The results of the LD analysis indicated that rs1421085-rs8050136-rs3751812-rs9939609 were in strong LD and that the frequencies of haplotypes with different combinations of the four polymorphisms significantly differed in the MAFLD and control groups. The individual haplotype CATA was a genetic risk factor for MAFLD, while the haplotype TCGT was a genetic protective factor for MAFLD. To the best of our knowledge, this is the first time that rs1421085, rs8050136, rs3751812 and rs9939609 have been shown to form a haplotype block associated with MAFLD.

Overall, despite the limitation of insufficient coverage of SNPs in the candidate gene, further genetic studies with more comprehensive SNPs covering *FTO* and a larger sample size are needed to further evaluate or conform the role of the *FTO* gene in MAFLD. While the Ultrasonography used to detect MAFLD in our study was a good parameter for measuring fatty liver, it might cause concern that it is not a good enough gold standard compared to histology. But histology specimens are hard to obtain, and a meta-analysis compared these two methods and demonstrated that Ultrasonography is reliable and accurate detection of moderate-severe fatty liver with low cost, safety, and accessibility.[@CIT0034] In addition, this study did not assess the food intake of the subjects which should be taken into consideration in the future works.

Conclusions {#S0005}
===========

In summary, our results demonstrate that the A variant of rs8050136, T variant of rs3751812 and A variant of rs9939609 within *FTO* gene are associated with elevated MAFLD in the older Chinese Han population. These findings indicate that it is worth exploring the role of *FTO* in MAFLD, and further functional investigations are needed to elucidate its molecular mechanisms.
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[^5]: **Note:** The table above was the genetic model whose results are positive for each locus analysis.
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[^7]: **Note:** Haplotypes with a frequency under 3% were excluded.
